• Chlorophyll meters such as the SPAD-502 offer a simple, inexpensive and rapid method to estimate foliar chlorophyll content. However, values provided by SPAD-502 are unitless and require empirical calibrations between SPAD units and extracted chlorophyll values.
INTRODUCTION
Traditional extraction-based methods of measuring chlorophyll content in forest trees are lengthy and expensive. Nondestructive methods have therefore been developed and inexpensive optical chlorophyll meters, such as the SPAD-502 (Konica Minolta, Osaka, Japan), are frequently used (Hawkins et al., 2009; Marenco et al., 2009; Pinkard et al., 2006; Uddling et al., 2007) . Although these meters are portable and suitable for field use, they remain underutilised in forest science, perhaps because SPAD units are difficult to interpret. Indeed, SPAD value depends not only on chlorophyll content but also on other aspects of leaf optics, which may be influenced by various environmental and biological factors (Manetas et al., 1998; Markwell et al., 1995) . The establishment of reference curves relating SPAD-unit and total foliar chlorophyll un-* Corresponding author: bruno.herault@ecofog.gf der controlled environmental conditions is therefore a high priority.
To our knowledge, apart from the recent work of Marenco et al. (2009) , research evaluating the use of SPAD units to estimate chlorophyll content in trees has been limited to certain fruit trees (e.g. Schaper and Chacko, 1991) or ornamental species (Pinkard et al., 2006; Richardson et al., 2002; Uddling et al., 2007) . More generally, the current literature suffers from at least two limitations. First, the SPAD meter is unable to measure very low transmittances. However, all studies to date have based the calibration model on either exponential or, more often, polynomial relationships with no saturation level at high chlorophyll content. To correct this, we propose a new calibration model based on a homographic function that has a natural asymptote. A second limitation is the use of different calibration models in different studies which complicates rigorous comparisons of calibrations among a large panel of species. Tropical trees present an opportune system to study Table I . List of the studied tree species and their systematic position. Mean values (±95% confidence interval) of leaf mass-per-area (LMA, g m −2 ) and leaf thickness (μm) for leaves sampled under 20% of full irradiance are displayed. The number of samples (n), the parameters of the homographic models (α and β) and the coefficient of determination (R 2 ) are indicated for the 13 studied species. the potential for differential SPAD-chlorophyll relationships among species because they include a broad gradient of leaf types with different anatomical and physiological properties (Coste et al., 2005; Rozendaal et al., 2006) . In this study, we apply a novel homographic function to a data set of SPAD and chlorophyll measures of 13 tropical tree species representing a three-fold gradient in specific leaf area, and chlorophyll content ranging from ≈0 to ≈150 μg/cm 2 total chlorophyll (Tab. I). In particular, we address the following questions: (1) is a homographic model appropriate for calibration of relationships between SPAD unit and chlorophyll content? (2) How does a general model perform relative to multiple species-specific models?
MATERIAL AND METHODS

Plant material
Our study was conducted in a greenhouse at Kourou, French Guiana (5
• 10' N, 52
• 40' W) between May and July 2005. Thirteen tropical rainforest tree species, with various light requirements, were selected to cover a broad range of leaf structural characteristics (Tab. I). Seeds or saplings from at least five parent trees per species were collected from March to July 2003. They were grown in the greenhouse from December 2003 in 30 L pots with a 1:2 (v/v) mixture of a brown ferralitic clay soil and a white sand of podzolic origin. During July 2004, all pots received 40 g slow-release complete fertilizer (Multicote 4, 17/17/17 N/P/K). Seedlings were irrigated daily with drip irrigation in order to maintain soil at field capacity (0.25 m 3 m −3 ). Shading nets were used to establish treatments that represent the range of light conditions experienced by seedlings in the lowland forests of French Guiana (Baraloto et al., 2005) . The three irradiance treatments corresponded to 5, 10 and 20% of full sun, as recorded during 3 d-long measurement campaigns with inter-calibrated quantumsensors for photosynthetically active radiation (PAR CBE 80 Solems, Palaiseau, France) compared to an external sensor. Ten replicates per species were grown under each irradiance level.
Sampling
For each studied species, approximately 30 leaf samples were selected to cover the range of SPAD units exhibited across the light gradient. A sample consisted of a 0.78 cm 2 leaf disk. Three measurements using a SPAD-502 (Konica-Minolta, Osaka, Japan) were taken from the leaf disk and disk fresh weight (mg) was recorded. Immediately after measurements, samples were immersed in DMSO (dimethylsulfoxide) and kept in the dark.
Chlorophyll extraction
We used the DMSO extraction technique of Hiscox and Israelstam (1979) . Samples were incubated at 65
• C until leaf disks were completely colourless and the DMSO had turned green. Absorbance of the DMSO-chlorophyll extractions was then measured at 647 nm and 664 nm, relative to a DMSO blank, using a spectrophotometer (Jenway 6 305 UV/Vis Spectrophotometer, Jenway, Essex, UK). The spectrophotometer was previously calibrated using commercial solutions of spinach chlorophylls a and b (BioChemika 10 865 and 25 740, respectively). Calibration procedure provided the Equations (1) and (2).
Chl a (mg ml −1 ) = 22 DO 664 − 9.1 DO 647 (1)
with Chl a and Chl b , the total content of chlorophyll a and b respectively; DO 664 and DO 647 , the optical densities read for wavelengths of 664 nm and 647 nm respectively. 
Data analysis
We first calibrate an empirical relationship between SPAD unit and chlorophyll content for all 13 species together. Throughout the literature, three models have been used: linear, polynomial, or exponential. We developed a new homographic model (Eq. (3)) and tested which one out of these four models fit our data best.
where Chl is the total content in chlorophyll (a and b) of the sample i, SPAD is the unitless reading from the SPAD-502 meter, α and β the fitted model parameters, and ε the model residuals.
The four competitive models (linear, polynomial, exponential or homographic) were compared for:
(1) their accuracy (i.e. their ability to minimize the residual variance) by using the Akaike Information Criterion (AIC); (2) their robustness (i.e. their ability to predict an unseen data set) using a cross-validation technique.
We randomly split the data set into training and testing data sets of equal sample size. Each model was calibrated on the training data set and the values of the testing data set were then predicted using this calibration. Robustness was estimated using the coefficient of determination (R 2 ) and root mean square error of prediction (RMSEP) between predicted and observed values of the testing set. The procedure was repeated 1 000 times.
The species' effect was investigated by comparing AIC values for the general and species-specific model parameterization, with the one having the lowest AIC being the best. A residual bootstrap procedure (Efron and Tibshirani, 1993) was used to estimate the variance of the fitted parameters for each model.
Finally, to test the performance of our newly-calibrated model against other published models calibrated on different species, we compared these competing models in two ways. First, we tested the ability of the published models to predict our data. Second, we tested the ability of our newly-calibrated model to predict some raw data. Model performance was assessed using the R 2 and the RMSEP.
RESULTS
The relationship between total chlorophyll content and SPAD units was curvilinear (Fig. 1) . The linear model, displaying the highest AIC value, was therefore the least accurate (Tab. II). Among the other models, the homographic model minimized the residual variance (Tab. II), displayed the lowest root mean square error of prediction (RMSEP = 201) and the higher R 2 (R 2 = 0.89). Among the 11 different models from the literature applied to our data set, the new homographic model best predicts our data (Tab. III). The RMSEP were generally lowest for models calibrated on tropical trees (Mangifera indica, Eucalyptus spp.). The performance of our newly-calibrated general homographic model to predict independent data sets gathered on other species is similar to the original models developed specifically for these species (Appendix 1 1).
1 Appendices are available on line only at www.afs-journal.org. When the effect of species was taken into account, the AIC of the relationship between total chlorophyll contents and SPAD units decreased from 3 029 to 2 661. Among the 13 studied neotropical tree species, α ranged from 50 to 331 and β from 88 to 299 (Tab. I). All species-specific models had coefficients of determination (R 2 ) above 0.9, except Eperua falcata (R 2 = 0.78). Whereas the general homographic model obtained an R 2 value of 0.89 (Fig. 1) , adding a species-effect increased the R 2 value to 0.96.
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DISCUSSION
Linear regressions resulted in a higher Akaike Information Criterion highlighting lower predictability in the high SPAD range as has been shown by Uddling et al. (2007) . Indeed, at least 11 out of 13 tropical trees (omitting Inga thibaudiana and Eperua falcata) had a pronounced non-linear SPADchlorophyll relationship (Appendix 1 2). Several methods have been used to model such a curvilinear behaviour. In the literature, most authors employ second-order polynomials (Monje and Bugbee, 1992; Richardson et al., 2002) or exponential equations (Uddling et al., 2007) . We introduced a new model that provided more readily interpretable parameters. Moreover, this new model best fit our data, was the most robust (Tab. II) and we were able to properly estimate the asymptotic value (β) above which the SPAD-502 does not work because of a high light absorption level. Our choice of a homographic model with no intercept was first based on a close examination of our data and on its fewer parameter number. To our knowledge, most published models have used an intercept (see Table II . Comparison of the accuracy and the robustness of 4 competitive general models developed to predict chlorophyll content (Chl) with a SPAD-502. Accuracy was estimated using the Akaike Information Criterion (AIC). Robustness was estimated using both the coefficient of determination R 2 and the Root Mean Square Error of Prediction (RMSEP) throughout a cross-validation procedure. Tab. III). Markwell et al. (1995) justified such an intercept by citing a stronger absorbance of chlorophyll b than of chlorophyll a at 650 nm, but this statement was not supported by recent work by Uddling et al. (2007) .
The addition of a species parameter to the model reduced the residual variance (from 11 to 4%) because most of the species-specific models diverged substantially at high SPAD units (see Appendix 2 1 ). The differences observed between species may be related to differences in the distribution of chlorophyll in tree leaves as a result of the structural organization of chlorophyll molecules in chloroplasts, chloroplasts in cells, and cells in leaves (Fukshansky et al., 1993) . It is generally accepted that with increasing heterogeneity of chlorophyll distribution inside a leaf, the absorption of a given amount of chlorophyll decreases (Uddling et al., 2007) and the relationship between SPAD and chlorophyll content deviates more from linearity. Another potential source of heterogeneity in the chlorophyll distribution may be the veins and veinules network (McClendon and Fukshansky, 1990) . Even though we were careful to avoid veins when measuring SPAD, it remains possible that some measurements were biased because they were made along veins, reinforcing the curvilinear shape of the calibration curve. Alternatively, it has been suggested that differences in LMA (Leaf Mass per Area), among or within species, may lead to different calibration curves (Thompson et al., 1996) through different degrees of mutual shading among chloroplasts. Assuming that higher LMA is related to a greater leaf thickness, mutual chloroplast shading may be avoided in thicker leaves (Hikosaka, 2004) even if our data suggest no effect of LMA per se (we found no relationship between alpha-beta and LMA, results not shown). All in all, interspecific differences in the homographic model were clear but explain a relatively small proportion of variation in chlorophyll content in our data set (less than 7%).
Despite the increasing frequency with which leaf functional trait studies are employing optical meters to estimate chlorophyll content, few studies have reported results on the relative statistical performance of different models to describe the SPAD-chlorophyll relationships. Tropical tree species appear to represent the broadest range of SPAD and chlorophyll values reported in the literature, and our results demonstrated that foliar chlorophyll of tropical trees could be reliably estimated using the SPAD-502 meter. The utility of the general homographic model (Fig. 1) clearly outweighs limitations due to the loss of model accuracy. The SPAD-502 meter provides a simple, non-destructive method for estimating foliar chlorophyll 607p4 Chlorophyll Estimates in Tropical Trees Ann. For. Sci. 67 (2010) 607 that quickly reports a large number of readings, thus paving the road for immediate assessment of physiological variables (Hawkins et al., 2009) . In this way, it should be possible to use the SPAD-502 as a tool for a variety of research and management applications, including the assessment of physiological changes over time, the assessment of relative health status or to delineate the effects of management and logging practices on the photosynthetic performance.
